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ABSTRACT 
Optical radar  s tud ie s  of the  atmosphere above 40 km were continued at 
the  Universi ty  of Maryland i n  Ju ly  and August, 1967. 
components r e su l t ed  i n  some gain i n  e f f i c i ency  over t h a t  obtained ea.rhier. 
observed atmospheric r e tu rns  from heights  g r e a t e r  than 60 km show consid- 
e rab le  s t r u c t w e  and imply s c a t t e r i n g  cross sec t ions  not explained by the  
molecular atmosphere. 
exce l len t  
Changes i n  the system 
The 
Agreement with some previously published data is  
TABLE OF CONTENTS 
I V  
V 
Sect ion T i C l e  
I: Tntroduction - . ,. - 
TI: Equipment - - - 
A. General - - - - 
B. The Photomultiplier - 
C. The Laser - - - 
Operation of t h e  Equipment 
A I  General c ) I -  
B, Signal  Attenuation 
C, Noise Determination - 
Data 
Conclusions - - - - 
A* System Eff ic iency - 
B, Noise - - - - 
.a - . -  I - 
VT 
C, ACmospheric Backscattering Function 
Discussion - - - - - - 
A, Atmospheric Sca t t e r ing  - - - 
B, Future Tmgrovements - - - - 
Page 
1 
2 
2 
4 
5 
7 
7 
9 
9 
11 
13 
13 
16 
10 
20 
- (  20 
- 21 
- 25 
- 26 
I I"TRODUCTI0N 
The purpose of t h i s  r epor t  i s  t o  present  recent  da t a  obtained a t  College 
Park, Maryland on the Universi ty  of Maryland o p t i c a l  r ada r  system. 
seve ra l  research  groups are using the  Q-pulsed ruby Laser t o  inves t iga t e  the 
atmosphere wi th  opt  i caL rada r  %e chniq ue s Such a system has been under 
development a t  the Universi ty  of Maryland (UM) f o r  over t h ree  years.  It has 
been f u l l y  descr ibed i n  a Ph,D, t h e s i s  by P, D. McCo:rmick (1.967) The p re -  
A t  present ,  
4 
l iminary da t a  obtained by i t  has a l s o  been reported i n  the  l i t e r a t u r e  5,6* 
This system i s  unique i n  t h a t  it employees a method whereby t h e  da t a  i s  pro- 
cessed immediately i n  an  on-l ine e l e c t r o n i c  computer, 
t h e  o thers  c i t e d  i n  that  it uses t h e  same o p t i c a l  pa th  for  both the  t r a n s -  
mission of t h e  laser pulse  and t h e  recept ion of t he  backscat tered s igna l ,  
It is presen t ly  s u i t a b l e  f o r  t h e  measurement of upper atmospheric backsca t te r ing  
between the  a l t i t u d e s  
It a l s o  d i f f e r s  from 
of 40 and 85 km, 
During t h e  sprifig of 1967 seve ra l  improvements were made on $he system 
t o  increase  i t s  e f f i c i ency  over that  o f  t h e  previous per iods  of operat ion,  
The radar  w a s  then operated on almost every c l e a r  occasion between t h e  da tes  
of Ju ly  16 and August 16, 1967. 
previously obtained on t h i s  system and consequently a b e t t e r  determination 
of t h e  atmospheric backsca t te r ing  function, This manuscript will discuss  
i n  order:  b )  
new techniques which have been devised f o r  operat ing the  equipment; and 
c )  t he  da t a  obtained fn  the  July-August runo 
This r e s u l t e d  i n  much more da ta  than was 
a )  the  recent  changes which were made i n  the UM equipment; 
A. General 
The design of t he  UM o p t i c a l  radar  w i l l  be described b r i e f l y  wi th  the 
help of f igu re  1. The conf igumt ion  i s  identical .  wi th  thaz used by McComick 
wi th  the  exception of  a f e w  component changes %ha+, wiLl be described later. 
The b a s i s  of t he  system i s  a Korad EQP ruby l a se r .  This f ires a shor t  
(20-50 nanosecond) pulse  through a hole i n  a r o t a t i n g  r e f l e c z i v e  disk, 
disk  is  t i l t e d  t o  the beam a t  a 45' angle and is  located a t  the focus of 
the UM 20" folded-cassegrain telescope. 
a f t e r  the  laser Q-pulse i s  f i r e d ,  the hole spins  out of the  o p t i c a l  path. 
The r e t u r n  s i g n a l  is then r e f l e c t e d  off  t he  disk surface t o  a photomult ipl ier  
tube loca ted  a t  r i g h t  angles t o  the i n i t f a l  l i g h t  path.  The r e s u l t i n g  photo- 
e l e c t r o n  s i g n a l  is then fed through a n  EG and G amplif ier-discr iminator  c i r -  
c u i t  t o  a buf fer  r eg i s t e r .  The accumula.ted pulse  count t r a n s f e r s  from t h e  
buf fer  r e g i s t e r  -Lo the s torage cf a CDC 160 computer a t  17 mfcrosecoid i n t e r -  
v a l ~ ~  On command, t he  summed pulse count of a s e r i e s  of shots  may be e i t h e r  
p r i n t e d  out o r  s tored  permeazantly on punched tape. 
obtained is  2.56 km. 
The 
It sp ins  a,t about 5000 q m  so t h a t ,  
The height  reso lu t ion  
The system counts f o r  97% of each in t e rva l ,  
The only major mechanical f ea tu re  not accounted f o r  above is  t h e  r o t a t i n g  
s h u t t e r  placed as shown i n  f igu re  1. Its purpose is t o  p r o t e c t  t he  phototube 
from high l-Eght l e v e l s  created during $he f i r i n g  of the  l a s e r .  This s h u t t e r  
i s  driven synchronously with the r o t a t i n g  mirror and i ts  phase w i t h  respect  
to t he  mirror  i s  adjustable ,  By turn ing  t h e  motor i n  i ts  mount, ft i s  possible  
-Go a l i g n  the s h u t t e r  vanes at  any p o s i t i o n  with respec t  t o  the  hole i n  the 
mirror,  
both %he s h u t t e r  and mirror w i th the  same audio o s c i l l a t o r ,  
They a r e  then held i n  phime by dr iv ing  the synchronous motors of 
Other a u x i l i a r y  equipment used i s  the  timing c i r c u i t  which f ires the  
l a s e r  a t  the cor rec t  t i m e  t o  pass  through the  hole i n  the  r o t a t i n g  mirror. 
This c i r c u i t  a l s o  t r i g g e r s  an osci l loscope when it f i res  t h e  laser, The 
osci l loscope monitors the energy of eaeh pulse  by viewing the  output of a 
photodiode loca ted  behind the  ruby. 
-2 - 
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Bo The Phoxorrult iplier 
Due t o  t h e  very low l i g h t  l e v e l s  which must be recorded t o  observe atmos- 
pher ic  backsca t te r ing  above 60 lun, it is e s s e n t i a l  that %he photomult ipl ier  
used have: 
a t  6943 8; and c )  a high enough ga in  t o  permit t he  deteckfon of s i n g l e  photo- 
e l ec t rons ,  Previous work w i t h  t h i s  system used an EMI 9558B photomult ipl ier .  
Th i s  p a r t i c u l a r  tube had a more than adequate gafn ( 3 LO 
cur ren t  df about; 200 c / s  a t  O°C. 
i n  our l a b  t o  be only aboutOp6$ a t  69432. 
below that which should be expected f o r  an 5-20 cathode surface,  Since the  
performance of t he  photomult-Eplier is  perhaps the  most sz r ingent  Z2mitation 
on t h e  c a p a b i l i t i e s  of t h i s  system,i t  w a s  e s s e n t i a l  t,haz we change Chis com- 
ponent, 
9-1 t h e  minimum poss ib le  dark current ;  b )  a good quantum effic.i.ency 
6 
Its quantum e f f i c i ency ,  however, w a s  measured 
and an average dark 
This i s  about a fact70r  of f i v e  
The dark cur ren t  of an EM1 9558 i s , t o  a g rea t  ex ten t  ,set  by i ts  l a rge  
phys ica l  s i ze .  Its cathode is  near ly  f s  cm in diameter, Since t h i s  exper i -  
ment confines i tself  t o  l i g h t  l e v e l s  which allow t h e  counttng of indivfdual  
photoelectrons "anode 
would have s u f f i c i e n t  cur ren t  supplying c a p a b i l i t i e s .  We thus  s u f f e r  from a 
dark cur ren t  from a much g rea t e r  cathode area tqhan we a c t u a l l y  need. While 
it would be poss ib le  t o  l m e r  the  dark cur ren t  of t h i s  t*abe by t h e  use of a 
magnetic defocusing coil: ~r t o  raise its quantum e f f i c i ency  by t h e  use of 
i n t e r n a l  r e f l e c t i o n s  an a l ready  very crowded photomuLtiplier chamber made 
anothe:r so lu t ion  more des i rab le .  
-6 < 1.0 amps) a cathode of cne mil.lfmeter i n  diameter 
8 
The RCA 8644 photomultipli.er has an 5-20 cathode which is about, 2 cm is 
diameter. 
hence its p o t e n t i a l  dark cu r ren t )  is  about 2/6 that; of %he 95585while a t  the  
same %%me, iL i s  not  so small a s  t o  make alignment through t h e  108 f i l t e r  
unreasonably c r i t i c a l .  A tube of t h i s  type, which w a s  purchased by UM, w a s  
found t o  have a dark current  as Zlaw as nine counts p e r  second under opt.fmum 
conditqions. I ts  quantum e f f i c i ency  w a s  measured t o  be about 2.6% a t  69438. 
While both of these  represent  a s i g n i f i c a n t  improvement over t h e  o ld  tube, 
t h e  cur ren t  ga in  w a s  only a marginal 2-15 x LO It was thus not  poss ib le  
t o  use d iscr imina tor  l e v e l s  which would be as e f f i c i e n t  as i n  t h e  case of 
the 95158 i n  passing s-Egnal e l ec t rons  from t h e  photocathode, 
This is an i d e a l  s i z e  from our vEewpoint because I C s  a r e a  (and 
3 
Counting t e s t s  
-4- 
i n  the  laboratory indicated t h a t  we could expect t o  count at about 70% e f f i c i e n c y  
while keeping the dark current  of t h e  cooled tube below 70 counts p e r  second, 
This  would then represent  a gain of &bout 3 times over the  91358 i n  t o t a l  photon 
detect ion e f f ic iency  p lus  a f a c t o r  of 4 improvement i n  the  dark current 
8644 was  i n s t a l l e d  i n  t h e  system by wir ing a new voltage d iv ider  and i n s t a l l i n g  
a l ens  behind the log f i l t e r ,  The l a t t e r  a l t e r a t i o n  w a s  t o  reduce the  s i z e  of 
the  l i g h t  beam t o  l e s s  than the  2 cm diameter in te rcepted  by the new phototube, 
The 
C, The Laser 
Previous work with the  UM opti,cal. radar  w a s  done using a Korad K2Q ruby 
laser. T h i s  device uses a K e r r  Ce l l  i n  order t o  c rea t e  the  g ian t  pu lse  needed 
f o r  radar work, 
recent ly  developed Pockels Cell ,  Whereas in t he  previous operation grea t  care  
had t o  be exercised by the l a s e r  operator  t o  monitor the  output f o r  after-puL- 
s ing  and double-pulsing, t he  Pockels C e l l  removes t h i s  d i f f i c u l t y  completely, 
Also, as was discovered during the run on the te lescope,  the  Pockels Cel l  aLLows 
a g rea t e r  output i n  Joules p e r  minute, The f i r i n g  r a t e  of our operation i s  held 
t o  about one shot  per  f o r t y  f i v e  seconds by the  cooling c a p a b i l i t i e s  f o r  t he  
ruby and the time needed t o  process each shot ,  With the  Pockels Cel l ,  however, 
t he  energy of each pulse  can be much higher than w i t h  the  Kerr Cel l ,  and the  
number of shots  r e j e c t e d  due t o  double puls ing and m i s f i r e s  g r e a t l y  reduced, 
When operat ing with a K2Q system t h e  energy of each pulse  i s  l imi ted  by 
During t h e  spr ing  the Kerr C e l l  was replaced w i t h  the more 
Ra.man s c a t t e r i n g  in the  Kerr Ce1. l .  This i s  not t r u e  i n  the Pockeis C e l l  ccn- 
f igura t ion ,  and the r e s u l t  i s  a very high gain system where the  energy output 
i s  extremely s e n s i t i v e  t o  the  te'nqeratur'e of the  ruby, 
t o  achieve uniform puls ing  unless the temperature is  controlLed t o  a very high 
accuracy, During a t y p i c a l  grcup of shcfs ,  our energy output would wiry from 
1 t o  5 Joules  w h i l e  the  temperature f luc tua ted  only on the order of one degree. 
Thus, though the Pockels Cell  i s  a very e f f ec t ive  mode of operation, f t  i s  a 
dangerous syst-em from the standpoint of ruby damage. A t  present  w e  a r e  con- 
s t r u c t i n g  a more sophis t ica ted  temperature cont ro l  device and considering 
the  use of a s h o r t e r  (lower ga in)  ruby t o  lessen  the  anxiety over t h i s  e f f e c t .  
One o ther  problem which should be mentioned i n  connection w E t h  the  l a s e r  
This makes it d i f f i c u l t  
is  t h e  appearance of extreme hotspots  -En the  near f i e l d  r a d i a t i o n  pa t te rn ,  
-5 - 
This fs bothersome i n  our type of configurat ion because it r e s u l t s  i n  damage 
t o  the  te lescope opt ics .  To a l l e v i a t e  t he  s i t u a t i o n ,  a very highly r e f l e c t i v e  
d i e l e c t r i c  mirror  is used a s  the  diagonal of t he  te lescope,  While t h i s  proved 
s u f f i c i e n t  p ro t ec t ion  when operat ing with the  Kerr Cel l ,  the  hfgher power 
dens i t i e s  created wi th  t h e  Pockels C e l l  system damaged t'wo d i e l e c t r i c  mirrors  
during the  month* s operation. 
are now considering construct ing a ruby l a s e r  of the o ~ c i I . b a t o r - a m ~ l i f i e r  
configurat ion using a high qua l i ty  o s c i l l a t o r  rod, It i s  a l s o  hoped t h a t  
more durable d i e l e c t r i c  surfaces  may now be avai lable .  
To el.iminate these t roubl.esome hotspots  , we 
-6- 
A. General 
En order t o  be ab le  t o  j u s t i f y  %he following ds t a  and t h e  subsequenk c m -  
clusions, it is necessary t o  b r i e f l y  go through %he e s s e n t i a l  feat,ures of the  
operat ion of %he system. 
the  usual  procedures on a, c l e a r  night .  
T'his we w5L.l. do by descr ibing 9n chronological order  
Since we operated i n  the  summer, it was necessary to a%ways cool. with dry 
ice .  
w a s  turned on. Although it would have been more des i rab le  ' t o  have the  phototube 
on continuously ( fo r  dark curremt; considera%fons) , this  tms not done due to the  
la rge  amounts of i c e  condensation from %he moist summer air. This  mde ti; haz- 
ardous t o  leave t h e  high voltage power on during the  melting of the  %@e in between 
per iods of operatton, The f reez ixg  of t he  chamber' a% night  by t h e  addition of 
This w a s  usua l ly  added a t  %he beginning sf t he  evening when the phototube 
dry i c e  norma23.y only took a few minutes. 
The second aperaflon which. had tr, be performed each night  was the  se t%ing  
of the pos i t i ons  of the  rat;a%ing refEec-Live mirror and %he u0ca-i-ing shut5ero 
The two a r e  driven by synchronou3 motors from the Same audio Oscillator 
a t  about 8 3 ~ 2 ,  
period, ?;heir r e l a t i v e  phase i s  q u i t e  a r b i t r a r y .  They m u s t  be raughEy al igned 
by shining a Eight into Ghe telescope and observing %heir posit ions on a ascil'Xa- 
scope which i s  viewing the out;put sf the 8644 photsv! ln~t ipl ier .  
ically adJust,s the  relati7ae posi t tons o f  the two by 9 w f s t i n g  the tmtor of She 
shutter i n  t%s mom'.;. T h i s  continues -m22;91 a yane of the rofatiszg s h u t t e r  pro-  
t e c t s  t h e  tube while %he hole b she ro t a t fng  ml.rror is pa,ss%ng through ",e 
optical  path,  That meJshod is  %hen augmented by ffne adJuetments detemfned by 
looking a t  t h e  r e s u l t s  of seve ra l  l a s e r  skots  i n t o  the aS;msphere, 
While they w i l l  run en s t ep  with each o ther  for  an i n d e f i n i t e  
One the2  mechan- 
When the ruby l%ser fires its pulse of l i g h t ,  the  hcle i n  the rotating mfrxor 
is  9.wated i n  the  o p t i c a l  pach from $he ruby t o  the  te iescspe,  A s  t he  opening 
spins ou% of che p a t h t h e  back of t h e  mirror then serves  as a block t o  c lose  off  
the laser cavi ty  from the r e s t  of the  system. Thfs  fs important f o r  the  spe-ation 
of recccnze L&s% if~r over a k f l l i s econd  a f t e r  the  
pulse  and would g r e a t l y  contaminate the  data i f  not eliminated, '25ex-e i s9hmevex j  
from 270 t o  340 microseconds a f t e r  t h e  shot  when the hoke has only p a r t i d l y  
closed,  pemit%%.ng the h g h %  d e  Leak through from The ruby cavityy, If the 
r o t a t i n g  s h u t t e r ,  whose funct ion is  t o  p r o t e c t  t h e  phototube, begins t o  open 
during t h i s  t i m e ,  then t h e  phototube w i l l  d e t e c t  a b u r s t  of l i g h t  u n t i l  i t  i s  
c u t  o f f  by ghe mirror .  
8644 photomult ipl ier ,  marks t h e  pos i t i on  of t h e  r o t a t i n g  s h u t t e r  wi th  r e spec t  
The beginning of t h i s  b u r s t  of l i g h t ,  as seen by t h e  
t o  t h e  laser Q-pulse. The end of t h e  l i g h t  pulse  l o c a t e s  t h e  p o s i t i o n  of h o l e  
i n  t h e  r o t a t i n g  mirror .  It i s  thus poss ib l e  t o  see the  pos i t i ons  of both d i sks  
with respect  t o  t h e  Q-pulse simply by f i r i n g  one sho t  and typing out t h e  r e s u l t s  
which have been s to red  i n  t h e  computer. 
of t h e  d i s k s  s o  t h a t  t h e  phototube i s  opened s h o r t l y  a f t e r  t h e  laser pu l se  goes 
through t h e  opening. 
d i s k s  by means of t h e  l i g h t  b u r s t ,  but  i t  has  f u r t h e r  usefulness  i n  t h a t  every 
You then f i n e l y  a d j u s t  t h e  pos i t i ons  
Not only i s  i t  poss ib l e  t o  a d j u s t  t h e  pos i t i ons  of t h e  
group of s h o t s  taken i n t o  t h e  atmosphere w i l l  contain a record of t he  d i s k  
pos i t i ons .  
da ta .  One precaut ion,  however, which must b e  observed, i s  that t h e  d i sks  do 
not  expose t h e  phototube t o  too g r e a t  a b u r s t  of l i g h t .  Even though t h e  l i g h t  
level may b e  w e l l  wi th in  t h e  operatLng l i m i t s  of t h e  tube,  an inc rease  i n  dark 
current  over s e v e r a l  mil l iseconds can r e s u l t  i f  t h e  l i g h t  ekceeds a c e r t a i n  
l e ~ e l . ~ '  This w i l l  be discussed f u r t h e r  i n  s e c t i o n  Vb. 
This,  as w e  s h a l l  see i n  a moment i s  a g r e a t  help i n  reductng t h e  
Af te r  t h e  equipment is  ready t o  run, t he  te lescope i s  pointed toward t h e  
zen i th  and a few s h o t s  are taken,with t h e  instrument blocked t o  check t h e  no i se  
l eve l .  I f  a l l  looks w e l l ,  t h e  laser operator begins f i r i n g  a t  about 45 second 
i n t e r v z l s .  A computer operator  manually checks temporary s to rage  r e g i s t e r s  i n  
t h e  CDC 160 computer i n  between each sho t  t o  determine: a) i f  t h e  sho t  passed 
through t h e  hole  i n  t h e  r o t a t i n g  mirror c o r r e c t l y ,  b) i f  t h e  d i g i t a l  i n t e r f a c e  
loaded t h e  shot  properly i n t o  the s to rage  of t h e  computer, and c) i f  t h e  
r o t a t i n g  s h u t t e r  w a s  i n  t h e  c o r r e c t  posi t ion.  While t h e  c r i t e r i a  are m e t  f o r  a 
l a r g e  percentage of t h e  sho t s ,  by checking f o r  t he  e r r o r s  a t  t h i s  po in t  you may 
reject one sho t  without loading it  i n t o  the computer memory and s p o i l i n g  a group 
of 25 o r  50. 
h e  manually records the  r e s u l t s  of the  f i r s t  few a l t i t u d e  i n t e r v a l s  and t h e  
energy of t h e  sho t  as read from t h e  oscil loscope. 
i n t o  a permanent s to rage  r e g i s t e r  of t he  CDC 160 and awaits t h e  next  shot .  
When t h e  computer operator  s a t i s f i e s  himself t h a t  a l l  went w e l l ,  
H e  then t r a n s f e r s  t h a t  d a t a  
-8- 
B. Signal Attenuation 
Since the disks do spin 
seconds, there are a number 
open. During this time the 
plier by an amount we shall 
very fast compared to the interval time of 17 micro- 
of transition intervals when the apertures are partially 
signal is incompletely transmitted to the photomulti- 
call the attenuation factor. If the data is to be 
transformed into atmospheric scattering functions, it is important that the atten- 
uation be well known. In order-to find this coefficient, we observed the morning 
sky on two occasions with the same disk settings used during that night's run. 
Although no special precautions had been taken, it was found that the phototube 
begins to count signal photons at a time identical (within 17 microseconds) 
t o  the start of the fluorescence burst described earlier. This good fortune 
makes it a simplematter to calculate the attenuation correction. 
sion curve, which is a product of the reflective mirror and the rotating shutter, 
is given for any aperture by the measurements taken with the morning sun. 
The transmis- 
The 
position of the curve, f o r  any group of shots, is set by the first interval of 
fluorescence seen by the phototube. 
While performing t h e  determination of t he  a t t enua t ion  cor rec t ion ,  it wits 
found t h a t  due t o  e i t h e r  a change i n  the r e f l e c t i v i t y  of  the  r o t a t i n g  mirror, 
or improper alignment of t he  system, the  s i g n a l  was s l i g h t l y  depressed out  t o  
i n t e r v a l  40 (1OOkm). 
one f o r  the ape r tu re s  wi th  t h e  da ta  normalized t o  i n t e r v a l  40. 
through the  summer run the  r e f l e c t i v e  mirror  (a pol ished brass  d i s k )  was repol -  
ished and t h e  system realigned. This seemed t o  e l imina te  t h i s  e f f e c t  f o r  t h e  
rest  of t h e  da ta  taken. 
This cor rec t ion  curye w a s  used i n  t h e  same manner 8 s  the  
About halfway 
C. Noise Determination 
I_ 
The c a l i b r a t i o n  of t he  system noise could be most d i r e c t l y  accomplished by 
t h e  blocking of t he  te lescope and the  f i r i n g  of a number of c a l i b r a t i o n  shots ,  
This, however, is not  t h e  i d e a l  monitor because it does not  account for  t h e  
noise  which e n t e r s  t h e  system through the  te lescope,  nor i s  it a simultaneous 
measurement of t h i s  parameter. 
costcand t i m e .  For these reasons,  another method w a s  i n i t i a t e d  f o r  th is  month's 
run. 
It is  a l s o  very expensive.,both in terms of  
McCormick found t h a t  while he operated the  system t h e  noise  w a s  l e v e l  i n  time 
-+ 
and approximately equal  t o  t h a t  e q e c t e d  from the  phototube dark cur ren t .  
Unfortunately,  during our per iod  of operat ion it was found t h a t  t h e  noise  
l e v e l  was about two o r  t h r e e  t i m e s  t h a t  p red ic ted  by the  dark cu r ren t  shown 
on the  s c a l e r .  This w i l l  be discussed f u r t h e r  i n  Chapter V. Since it was 
not known immediately what w a s  the  cause ( o r  t h e  cu re )  of th i s  e x t r a  noise ,  
it w a s  decided t o  continue opera t ion  and monitor it by p r i n t i n g  out each 
s e t  of sho t s  t o  i n t e r v a l  100 (230km). We then  could use the  upper i n t e r v a l s ,  
where no s i g n a l  was expected, t o  p r e d i c t  t he  noise  i n  the  l e v e l s  of i n t e r e s t .  
With t h i s  method a record of t he  noise  i s  kept au tomat ica l ly  i n  the  form of  
the  counts i n  the  upper da t a  bins .  I n  order  t o  check t h e  methods accuracy 
about 100 blocked sho t s  were taken e a r l y  i n  the  run and t h e  r e s u l t s  of t h e  
t w o  compared. Also, t h e  computer opera tor  p e r i o d i c a l l y  recorded the  dark 
cur ren t  of  t he  photomul t ip l ie r  f o r  Later  reference.  
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I V  DATA 
During the  pe r iod  of opera t ion-be ing  discussed, da ta  was obtained on the  
n igh t s  of Ju ly  22, 23, 25, 27, 28, 31, August I, 2, 7, 8, 9, 14, 13,’and 16. 
I n  a l l ,  approximately 1800 sho t s  were taken; d i s t r i b u t e d  such t h a t  th ree- four ths  
of t h e  s h o t s  were i n  the  morning hours and about th ree- four ths  on t h e  l a s t  seven 
days. Fur ther  subdivis ions a r e  about equal  i n  weight. The average energy of 
t he  sho t s  was about 2.0 Joules .  
seconds while operat ing.  The condi t ions on these  n igh t s  var ied  from hazy t o  
They were f i r e d  a t  a r a t e  of  one every ‘1.5 
very c l ea r .  Other n ights  i n  the  month were not used due t o  e i t h e r  cloud or 
fog cover. 
egutpment f a i l u r e s  could not be f ixed  i n  time t o  allow observation. 
Exceptions t o  t h i s  were the  n ights  of  J u l y  26 and August 10 when 
I n  t h i s  r epor t  we s h a l l  confine our remarks t o  the  t o t a l  r e t u r n  of the  1800 
shots .  We thus  a r e  only consider ing an  average f o r  the  month’s operat ion i n  our 
subsequent remarks. 
i n t e r v a l  from 1.7 t o  100 f o r  1661 shots .  This represents  a l l  of  t he  sho t s  which 
were taken toward the  zeni th  when the  r o t a t i n g  s h u t t e r  had co r rec t  p o s i t i o n  and 
all. o the r  equipment was working properly.  
coxnt i s  t h e  a t t enua t ion  f a c t o r  caused by t n e  opening of t he  aper tures .  The 
number which i s  i n  parenthes is  i s  t5e  number of sho t s  which was counted a t  each 
in t e rva l .  There a r e  fewer than  1661 sho t s  below i n t e r v a l  20 due t o  the  f a c t  
t h a t  the  r o t a t i n g  s h u t t e r  w a s  ndt  always s e t  a t  exac t ly  the  same pos i t ion .  
of t he  upper da ta  bins- a r e  f o r  only 1432 shots  due t o  a typewri te r  breakdown 
on occasion r equ i r ing  the  manua,l and incomplete recording of ;be s torage  b ins  
i n  the  conputer. 
Table 1 gives  the  t o t a l  number of counts received i n  each 
The number following the  photoelectron 
A l l  
The i n t e r v a l s  below 17 were not  recorded nere,  bu t  a l l  had the  following 
pa t t e rn .  Dark cur ren t  would be recorded out t o  about i n t e r v a l  10 when the  
f luorescence b u r s t  discussed e a r l i e r  would begin. The f luorescence l e v e l  would 
then r i s e  t o  a peak of about 70-80 counts per  i n t e r v a l  a t  1.3 and then  drop t o  
zero about 17. I n  reducing t h e  da ta , the  first s i g n i f i c a n t  f luorescence i n t e r v a l  
was always used t o  e s t a b l i s h  the  a t t enua t ion  f ac to r .  Also, one i n t e r v a l  between 
the  f luorescence bu r s t  and t h e  da ta  was not  counted. This l a t t e r  precaut ion  was 
t o  guard aga ins t  contamination by t r a i l i n g  pulses  r e l a t e d  t o  the  l i g h t  bu r s t .  
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TABLE I 
(See Text) 
I n t e r v a l  T o t a l  Count 
(1= 2.561lm) Recorded 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
19, - 48, (115) 
109, .55, (590) 
240, -73, (1450) 
223, .70, (1661) 
93, .86 
79, -88 
64, .90 
51, a90 
46, .91 
38, -92 
23, .94 
22, .94 
31, .94 
21, '95 
13, .95 
9, '96 
19, .96 
7, *97 
14, .97 
7, .98 
4, .99 
159, .82, (1661) 
7, '99 
io, 1.0 (1661) 
8, 1.0 (1432) 
6, 1.0 (1432) 
13, 1.0 (1432) 
8 
. I n t e r v a l  T o t a l  Count 
Re corded 
58 
59 
60 
61 
62 
63 
64 
65 
66 
67 
68 
69 
70 
71 
72 
73 
74 
75 
76 
77 
78 
79 
80 
81 
82 
83 
84 
85 
86 
87 
88 
89 
90 
91- 
92 
93 
94 
95 
96 
97 
98 
39 
100 
- 9  
- 6  
- 7  
- 5  
- 5  
- 1  
- 7  
- 1  
- 8  
- 4  
- 6  
- 6  
- 3  
- 7  
- 7  
- 3  
- 2  
- 5  
- 3  
- 3  
- 7  
- . 3  
- 5  
- 4  
- 6  
- 5  
- 6  
- 2  
- 6  
- 4  
- 2  
- 5  
- 7  
- 2  
- 4  
- 1  
- 2  
- 6  
- 3  
- 4  
- 8  
- 3  
- 6  
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V CONCLUSIONS 
A. System Eff ic iency  
In  order  t o  know t h e  absolute  magnitude of  t he  atmospheric backsca t te r ing  
functions,  it is necessary t o  know t he  t o t a l  o p t i c a l  e f f i c i ency  (aQ) of the 
system. It was of f u r t h e r  i n t e r e s t  i n  our case because it would enable u s t o  
judge the  r e l a t i v e  merits of the  new photomult.iplier tube. 
consldered very ca re fu l ly  ’ the measurement of f o r  our sum-er data. 
Therefore, we  
The easiest way t o  f i n d  the  o p t i c a l  e f f i c i ency  i s  by observing a star 
of known magnitude. Our system i s  f ixed  i n  the  E a s t  - West a x i s  so the  
only stars which w i l l  remain i n  the  f i e l d  of view long enough are those  near  
t h e  North Pole. With the  procedure described by McCormick, t h i s  observation 
enables one t o  determine t h e  product of the  o p t i c a l  e f f i c i ency  (GQ) and the  
atmospheric transmission (T) .  
4 
Unfortunately, due t o  the  g rea t  lengkh of t h e  
summerday, Ee i ther  meridian crossing of t h e  pole star Po la r i s  occurs i n  com- 
p l e t e  darkness between the  da tes  of  June 8 and August 20. Thus, t h i s  d i r e c t  
and f a i r l y  accura te  determination wa’s not  ava i lab le  t o  us. 
I n  l i e u  of  a stellar source from which t o  c a l i b r a t e ,  it w a s  necessary t o  
9 use t h e  U. S. Standard AtmosPhere Supplement 
dens i ty  a t  an e a s i l y  observed a l t i t u d e .  
t h e  form: 
(USSAS) t o  p red ic t  t h e  molecular 
Using the  o p t i c a l  radar  equation i n  
2 2 hN (x ) x 9 
t A h o  (n) n (x) ~ Q T ’  = 
where : 
h = Plank’s ’constant, - --- _-- . -  I -. __ -. - 
N(x) = 2I’the c o d € e d  keturn from a l t i t u d e  x per‘unit’ene-rgy 
x = t he  a l t i t u d e  of t he  re turn ,  
t = t h e  open time a t  a l t i t u d e  x (17x10 sec) ,  
A = t he  area of t he  rece iver  ( 2 . 1 3 ~ 1 0  cm ), 
-6 
:-3 2 
\ 
d ( n )  = t h e  backsca t te r ing  cross  sec t ion  of an air  molecu.lar 
(2x10-~~cm*/rnol/ster)  
t h e  molecular dens i ty  at he ight  x pred ic ted  by USSAS, n(x) = 
1 = t h e  wavelengt8 of the  l i g h e  (66’94 x 10”cm) 
’ w e  can est imate  aQT2 from our  data .  
The lowest a l t i t u d e s  always ava i l ab le  t o  our  system a r e  those around 3Okm. 
We the re fo re  used the  sum of the  a l t i t u d e s  from 45 t o  52.5km (corresponding t o  
2 i n t e r v a l s  19, 20, 21)  f o r  the  determination of aQT . 
molecular dens i ty  f o r  t h i s  season a t  these  l a t i t u d e s  i n  t h e  USSAS, we then  can 
s u b s t i t u t e  i n t o  equat ion 1 and ge t  
Referr ing t o  t h e  expected 
aQT2 = 1.14 x lom3 N(19,20,21) (2) 
~ Q T '  = 3.9 - .25 x i o  
Using the  t o t a l  r e t u r n s  i n  these  i n t e r v a l s  recorded i n  t a b l e  1 w e  then  f i n d  t h a t  
(3) 
+ -4 
-4 I f  T i's assumed t o  be about .7 f o r  t h i s  per iod then we f i n d  t h a t  a QI 8 x 10 
This compares wi th  an optimum ca lcu la t ed  e f f i c i e n c y  of about 4 x l 0 - ~  which is 
obtained by adding up the  t ransmission of a l l  t he  components and the  quantum 
e f f i c i ency  of the phototube. We the re fo re  conclude t h a t  e i t h e r  t h e  atmospheric 
t ransmission was lower than .7 o r  t h e  components were not opera t ing  a s  expected. 
Due t o  the r e l a t i v e l y  poor atmospheric condi t ions around Washington, D. C. 
daring the  summer months, t h e r e  were t imes when t h e  l a s e r  beam could be seen 
with the  naked eye as a 20" wide r ed  s t r e a k  i n  the  hazy sky. 
q u a n t i t a t i v e  measurements of t he  t ransmission (T)  during these  t imes,  it ce r -  
t a i n l y  mast have been f a r  lower than t h e  t y p i c a l  value u s u a l l y  assumed f o r  t hese  
experiments of TL.8. 
.by then t h i s  would imply and average a& of 2.4 x 10 ' j  not f a r  Trom our  optimum 
expected e f f ic iency .  If most of t he  apparent l o s s  i n  the  e f f i c i ency  i s  i n  the  
atmospheric t ransmission,  however, we should have a c o r r e l a t i o n  between our  
measured value of aQT2 and t h e  condi t ions of each night .  
s eve ra l  r ep resen ta t ive  nights,, we f i n d  t h a t  a l though a l l  or' t he  hazy n igh t s  
were indeed poorer  than t h e  average, not  a l l  of t h e  c l e a r  n igh t s  r e g i s t e r e d  
a high value of aQT . 
c l e a r  n i g h t )  when aQT2 1 . 3 ' ~  
and August 16 when aQT < 2 x 10 . 
an atmospheric t ransmission o f  .7, then a& I 2.7 x 10 
. 
While we have no 
I f  f o r  instance,  t he  average t ransmission was only about 
-Z 
2 Calmlat- ing aQT on 
2 The b e s t  value r eg i s t e red  came on August 25 (a very 
The worst values were found on J u l y  31 
If w e  say tha.t  our  bes t  n igh t  represented 2 -4 
-3 , 
During f u r t h e r  tests on t h e  r ece ive r  system l a t e r  i n  t h e  ysar ,  it was 
found t h a t  f r o s t  could have formed on the  l e n s  used t o  reduce the  s i z e  of 
t he  beam from 5 to 2 em. 
of t h e  system measured during the  c l e a r  nights .  
This  may have caused some of t he  reduced e f f i c i e n c y  
To e l imina te  t h i s  p o s s i b i l i t y ,  
, 
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t h i s  l e n s  w a s  replaced by a s h o r t e r f o c a l  length  co l l imat ing  l e n s  i n  f r o n t  of t h e  
108 f i l te r .  
desiccant  p r i o r  t o  cooling t h e  photomult ipl ier .  
Fros t ing  on t h e  8644 i s  prevented by drying out  t he  chamber w i t h  
Heating of t h e  f i l t e r  prevents  
f r o s t i n g  on t h e  only o the r  o p t i c a l  component which is  near  t he  co ld  box. 
On November 19, 1967, t h e  e n t i r e  rece iver  system wi th  t h e  a l t e r a t i o n  descr ibed 
above w a s  a l igned  wi th  the  te lescope.  
capable of about t h r e e  readings p e r  second, w e  were ab le  to obta in  measurements 
on seve ra l  stars a s  they crossed the  meridian eve6 though they  only remained i n  
t he  f i e l d  of view about t e n  seconds each. The condi t ions  were similar to a 
mediocre observing n ight  during the  J u l y  - August run. The sky was s l i g h t l y  
hazy wi th  a few s c a t t e r e d  c i r r u s  clouds. The measured values  of  "QT f o r  the  
stars used were as follows: 
By using an automatic recording device 
y Cassiopia - 2 . 1  10-3 
6 Cassiopia - 1.4 10-3 
aUrsa  Minoris - 2.9 x 10;; 
I Cassiopia - 9.4 x 10 . 
A s  can be seen, the  values  measured f o r  the  fou r  s t a r s  d i f f e r  by a f a c t o r  
of 3 even though the  equipment and techniques used were i d e n t i c a l .  We thus  
conclude t h a t  the  d i f fe rence  represent  v a r i a t i o n s  i n  the  atraospheric t r a n s  - 
mission over t he  two hour span needed t o  make the  measurements. Although, by 
eye es t imate ,  the  sky looked f a i r l y  uniform along the  meridian, t h i n  c i r r u s  
clouds could be seen ou t l ined  aga ins t  the  r i s i n g  f u l l  moon. On a moonless 
n ight  these  clouds would probably go undetected wi th  the  r e s u l t  t h a t  t h e  r e t u r n s  
would vary g r e a t l y  f o r  no apparent reason. 
If we chose the  h ighes t  value of "QT (2.9 x as t h a t  when the  atmospheric 
t ransmission was about .8, one can see  t h a t  t h i s  is about twice o w  previously 
measured e f f i c i e n c y  (xQT = 1.3 x 
c a l i b r a t i o n  p r e d i c t s  an a& of  3.7 x 
would expect from adding t.he ind iv idua l  components of t he  system (4.0 x 
This i s  a l s o  the  pred ic ted  value of fou r  over t he  e f f i c i e n c y  measured wi th  t h e  
9358 photomiil t iplier.  We thus  conclude t h a t  the  s t e l l a r  measurements show the  
8644 t o  indeed be a s u b s t a n t i a l  improvement t o  t h e  o p t i c a l  r ada r  system as we 
had hoped. The t e s t s  a l s o  r e in fo rce  our suspicions t h a t  most of  t h e  discrepancy 
between aQT2 measured during t h e  summer and t h a t  ca l cu la t ed  from the  labora tory  
tes ts  l i e s  i n  t h e  poor atmospheric transmission. The f r o s t i n g  of the  decol l imat ing 
l ens  and the  ever  present  p o s s i b i l i t y  of  misalignment could a l s o  have been con- 
t r i b u t i n g  f ac to r s .  
2 The value measured wi th  the  s t e l l a r  
i n  exce l l en t  agreement wi th  what we 
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It becomes obvious from our  previous discussion t h a t  i n  order  t o  be ab le  
t o  perform any absolu te  determinations wi th  an  o p t i c a l  r ada r  system one must 
be ab le  t o  measure the  atmospheric t ransmission on a n i g h t l y , i f  not hourly,basis .  
A s  w a s  pointed out  e a r l i e r ,  t h e  measurement of  a ' s te l la r  source,such as P o l a r i s ,  
w i l l  enable one t o  g e t  aQT t o  fa i r  .accuracy.. 
ab l e  t o  t r a c k  s t a r s  i n  d i f f e r e n t  p a r t s  of the  sky, one can measure aQT f o r  a 
number of c a l i b r a t e d  stars such as given by Code . One then can compute T 
(and hence aQ) with  the  usua l  as t ronomical  method a s  ou t l ined  by Hardie 
If t h e  l a s e r  te lescope system i s  
10 
11 . 
For most of  the  present  atmospheric r ada r  i n s t a l l a t i o n s ,  however, including 
ours ,  t h e  p o s s i b i l i t y  of observing any star which is not near  t h e  pole  and 
on t h e  obse rve r ' s  meridian i s  out  of the  question, One can, however, der ive  
the  atmospheric t ransmission by observing the  atmospheric backsca t te r ing  from 
a f ixed  a l t i t u d e  with the  system set a t  two d i f f e r e n t  zen i th  angles.  This 
method, which permits  t he  d i r e c t  eva lua t ion  of  T , i s  ou.tlined i n  the  Appendix. 
Although small amounts of o f f - zen i th  da t a  have been taken on t h i s  system, it 
was taken p r imar i ly  t o  i n v e s t i g a t e  t h e  p o s s i b i l i t y  of lowering the  cut-on 
a l t i t u d e .  
ab le  f o r  determing t h e  atmospheric t ransmission during the  summer run. 
2 
A s  w i l l  be pointed out  l a t e r ,  the  da t a  w a s  not (unfor tuna te ly)  s u i t -  
B. Noise 
A s  was pointed out  e a r l i e r ,  between the  i n t e r v a l s  of 50 and 100 we do not  
expect any de tec tab le  s c a t t e r i n g  from t h i s  number of shots .  These i n t e r v a l s  
should the re fo re  serve  as an accura te  example of t h e  time-independent back- 
ground noise.  This p r e d i c t s  5.9-1- 
2.6 coun t s / in t e rva l  f o r  the  1661 shots  which make up the  dnta  a t  the  lower 
a l t i t u d e s .  
l i k e  manner and a r e  f a i r l y  evenly d i s t r i b u t e d  over a l l  t he  shots  taken. 
The average count i s  5.0 f o r  1432 shots .  - 
The r e t w n s v a r y  from 1 t o  9 counts / in te rva l  i n  a roughly Poisson- 
During the  data  a q u i s i t i o n  t h e  dark cur ren t  was monitored regular ly .  The 
average w a s  about 60-80 counts p e r  second, a.ithough times of l e s s  than 25c/s  
and g r e a t e r  than l20c/s were experienced. 
t he  optimum f igu re  measured f o r  t he  8644. 
e i t h e r  t o  the  f a c t  t h a t  t he  tube was not l e f t  on continuously due t o  i c i n g  
condi t ions,  o r t o  t h e  cont inua l  exposure of the  tube  of high l i g h t  l e v e l s  during 
the  s e t t i n g  of the  r o t a t i n g  shu t t e r .  Whatever t he  cause, t h i s  dark cur ren t  
This i s  qu i t e  a b i t  higher  than 
We be l i eve  t h e  discre2ancy is  due 
-16- 
would p r e d i c t  a noise  of about 2.0 counts p e r  1.7 microsecond i n t e r v a l  f o r  
1661 shots .  
p e r  i n t e r v a l  which is not  accounted f o r  by normal dark cur ren t .  
Obviously, t h e r e  is  a no ise  cont r ibu t ion  of  about 4.0 counts 
The source of t he  e x t r a  noise  i s  very d i f f i c u l t  t o  t r a c e  because of t h e  
number of sho t s  which must be taken t o  p o s i t i v e l y  de t ec t  it. It is not due 
t o  the  n igh t  sky because t h i s  w a s  measured t o  cont r ibu te  only 2.3 counts/ 
second, o r  .27 counts pe r  i n t e r v a l  f o r  t h i s  number of  shc t s .  We do not f e e l  
t h a t  the  noise  e n t e r s  through the  te lescope pa th  i n  the  form of l i g h t ,  s ince  
it shows up i n  the  blocked sho t s  as w e l l .  It i s  a l s o  unl ike ly  t o  be of an 
e l e c t r i c a l  na ture  because o f  i t s  uniformity i n  time. The two causes which 
seem t o  be the  most l i k e l y  a re :  
t he  ruby around the  block presented by the  r o t a t i n g  mirror;  and b )  t he  tem- 
porary increase  i n  dark cur ren t  due t o  being h i t  by the  f luorescence b u r s t  
described e a r l i e r .  Because the  ti.me s c a l e  of t h e  e f f e c t  ( i nd ica t ed  by i t s  
s l o p e )  is  about 3 mill iseconds,  it is  thus  of t h e  co r rec t  shape f o r  ruby 
a )  t h e  leakage o f  the  f luorescence from 
f luorescence t o  be t h e  main cont r ibu tor .  The second e f f e c t ,  however, cannot 
be ru l ed  out  conpletely.  If we a r e  dea l ing  with e f f e c t  b, r e f e r r e d  t o  e a r l i e r  
as s a t u r a t i o n  of the  cathode, it should 5e apparent i n  a sharp ly  decreasing 
noise l e v e l  d i r e c t l y  a f t e r  t h e  f lnorescence bu r s t .  A number c;f CaLibrztion 
shots  were taken to determine the  magnitude of t h e  l i g h t  burst  which could 
be allowed before  producing a nDticeab1.r increase  i n  the  dark current .  It 
~7as found t h a t  as long as t h e  peak l i g h t  l e v e l  M ~ S  kept below 6 x 10 counts/ 
see  t h e  tube had a f a i r l y  uniform dark current .  On t h i s  b a s i s  we discarded 
about 100 shocs and f e e l  t h a t  those  remaining i n  Table 1 aye f r e e  of any 
noise coi i t r ibut ion which i s  not near ly  uniform over 50 i n t e r v a l s .  We could, 
of course, completely e l imina te  concern f o r  t h i s  second noise  source by 
p ro tec t ing  the  photomul t ip l ie r  longer. However, t h i s  would s a c r i f i c e  not 
only s e v e r a l  i n t e r v a l s  of height  but  the  information contained i n  the  f l u o r -  
escence burs t .  O f  more immediate concern i s  the  i n s t a l l a t i o n  of b e t t e r  
b a f f l i n g  t o  s top  the fluorescence leakage. 
6 
We conclude t h a t  t he  causes of t he  noise  a re :  a )  the  normal phototube 
dark cu r ren t  (30%); b )  n ight  sky ( 5 % ) ;  and e )  f luorescence leakage around 
the  r o t a t i n g  mir ror  p lus  t.he p o s s i b i l i t y  of t he  increase  i n  dark cu r ren t  
due to t h e  exposure t o  high l i g h t  l e v e l s  ( 6 5 8 ) .  We also conclude t h a t  the  
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noise  was well-behaved, cons i s t en t  and contend t h a t  i t s  magnitude and behavior 
. is w e l l  known. 
C. Atmospheric h c k s c a t t e r i n g  Function 
The n e t  r e t u r n  i n  each i n t e r v a l  w a s  computed from Table 1 and mul t ip l i ed  
by t h e  square of t he  a l t i t u d e  t o  ob ta in  t h e  r e l a t i v e  atmospheric backscat ter ing.  
I n  accordance wi th  our  previous arguments, w e  assumed t h e  noise had a constant 
l e v e l  of 2.0 counts p e r  i n t e r v a l  due t o  dark cur ren t .  Superimposed on the  dark 
current  was a noise  l e v e l  of 4.2 counts p e r  i n t e r v a l  which was du.e t o  l i g h t  and 
would be a f f e c t e d  by the  a t t enua t ion  f a c t o r .  This adds up t o  a t o t a l  noise  
s l i g h t l y  higher  than t h e  average s t a t e d  i n  t h e  previous sec t ion .  The increase 
w a s  meant t o  co r rec t  f o r  t h e  s l i g h t  s lope  i n  t h e  noise  curve and t o  g e t  a repre-  
s e n t a t i v e  value f o r  t he  a l t i t u d e s  o f  i n t e r e s t .  The r e s u l t  for i n t e r m l s  17 t o  
40 i s  shown i n  f i g u r e  2. The e r r o r  ba r s  indicated represent  t h e  square r o o t  
o€ the  observed count i n  each i n t e r v a l .  Shown by a s o l i d  l i n e  i s  t h e  r e l a t i v e  
s c a t t e r i n g  expected a t  these  l a t i t u d e s  during a summer month on t h e  b a s i s  of 
t h e  USSAS.’ A dotted l i n e  is  drawn ind ica t ing  t h r e e  standard deviat ions above 
t h e  background noise. A second dot ted l i n e  denotes a s t r a i g h t - l i n e  f i t  of oar 
data between 40 and 65 km. 
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Fig. 2 DATA RECEIVED FROM JULY 16 TO AUGUST 16,1967 
(1661 SHOTS). 
V I  DISCUSSION 
A. Atmospheric Scatterin& 
Due t o  t h e  u n c e r t a i n t i e s  involved i n  t h e  system e f f i c i ency ,  power output  
and o t h e r  parameters, we have had no recourse bu t  t o  f i t  the  da t a  t o  t h e  
expected molecular s c a t t e r i n g  a t  t h e  bes t  determined a l t i t u d e s .  
a l ready  been done i n  f i g u r e  2. 
s c a t t e r  by comparing it t o  t h e  expected Rayleigh,  s c a t t e r i n g .  
mention of the  magnitude of t h e  measured s c a t t e r i n g  w i l l  imply t h e  accwaey  
and s c a l e  s e t  by t h i s  f i t t i n g  procedure. The o v e r a l l  features of t h e  
s c a t t e r i n g  func t ion  shown i n  f i g u r e  2 can then  be descr ibed by t h e  following 
observat ions.  
1. 
T h i s  has 
It sets t h e  absolu te  magnitude of our  back- 
Subsequent 
From 40-60 km t h e  da t a  seems t o  agree reasonably w e l l  wi th  t h a t  expected 
frcm t h e  USSAS. The s c a l e  he ight ,  however, due t o  e i t h e r  sys temat ic  
e r r o r  o r  a gradual  enhancement, i s  about 20% g r e a t e r  than predic ted .  
2. In t h e  60-70 km region the  s c a t t e r i n g  funct ion l e v e l s  of f  and i n d i c a t e s  
an enhancement over t he  expected molecular values .  The enhancement 
a t  i t s  maximum poin t  near 65 km is twice the  pred ic ted  molecular value 
-1 -1 implying an excess backsca t te r izg  cont r ibu t ion  of 5 x c m  ster . 
For Rayleigh-like s c a t t e r h g  t h i s  i m p i i e s  an excess c ross  sec t ion  of 
about 4 x cm . -1 
3 .  After  going through a minimum af 70 km t h e  s c a t t e r i n g  funct ion i s  con- 
s i s t e n t l y  above t h e  expected molecular con t r ibu t ion  out t o  t h e  l a s t  
resolved poin t  a t  9 1  km. S t a t i s t i c a l l y  s i g n i f i c a n t  peaks are observed 
a t  7 6 ,  86 and 9 1  km. The f i r s t  two, which are b e t t e r  than 4 standard 
devia t ions  above the  molecular s c a t t e r i n g ,  are about 6 and 40 times 
the  expected s c a t t e r i n g  a t  t hese  he ights .  For Rayleigh-like s c a t t e r i n g  
and a s c a t t e r i n g  region i s  2.5 km th i ck ,  t he  por t ions  unexplained by 
molecular s c a t t e r i n g  a r e  about 8 x 10 and 5 x 10 cm . -12 -12 -1 
Comparison wi th  prev ious ly  publ ished da ta  shows “hat t he re  a r e  a t  l e a s t  
t w o  ins tances  of similar occurrances w i t h  o p t i c a l  r ada r  experiments. 
p a r t i c u l a r ,  t h e  devia t ion  from t h e  Rayleigh curve i n  t h e  65km reglon agrees  
ve ry  c lose ly  wi th  t h a t  seen by Bain and Stanford’ and is  similar t o  that seen  
earlier a t  LJM, 
I n  
6 A l l  t h r e e  s e t s  of da ta  also sh& a minimum near  7 O h  and a 
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s e c ~ n d a r y  peak between 70 and 80km. 
i d e n t i c a l  wi th  t h a t  seen by McCormick e t  a1 
than seen by Bain and Stanford. The a l t i t u d e  of t h e  peak, however, d i f f e r s  
from both t h e  previous sets of data.  
between t h i s  and t h e  o the r  two publ ica t ions  is  t h a t  we see a s t a t i s t i c a l l y  
s i g n i f i c a n t  enhancement above 80km. I n  e i t h e r  of  the previous cases the  
system e f f i c i e n c y  w a s  such t h a t  s c a t t e r i n g  of t h i s  magnitude would have 
been detected.  W e  conclude therefore ,  t h a t  e i t h e r  the  atmospheric condi- 
t i o n s  were d i f f e r e n t  o r  t h a t  t h e  peaks represent  some s o r t  of  random er ror .  
Since a complete explanation of t he  measured s c a t t e r i n g  funct ion cannot 
The magnitude of t h e  second peak is  
6 
but  about 1.6 t i m e s  higher 
Another more i n t e r e s t i n g  d i f f e rence  
be given a s  y e t ,  w e  w i l l  conclcde s imply  by l i s t i n g  seve ra l  pe r t inen t  comments. 
1. 
2. 
3.  
4. 
The consistency of t h r e e  f a i r l y  independent sets of da ta  ind ica t e s  t h a t  
f a i r l y  high weight can be given t o  t he  upper  atmospheric enhancements 
seen a t  65 and 75 km. 
general  can produce use fu l  da ta  from the  upper mesosphere. 
The appearance of sharp 86 and 9 1  km peaks i n  our July-August da t a  
and t h e i r  absence i n  f a l l  and winter  da ta  i s  very suggestive of a pben- 
omenon analogous t o  noc t i lucent  clouds. 
is  a t  least 100 t i m e s  lower  than expected from such clouds. 
The appearance of we l l  defined peaks i n  the  s c a t t e r i n g  funct ion,  as 
shown by our Ju ly  - August data ,  makes it seem l e s s  l i k e l y  than  before  
t h a t  t h e  upper atmospheric enhancements a r e  due t o  the  phenomenon of 
mul t ip le  s c a t t e r i n g ,  
A t  p resent  t h e  only seasonal  change i n  t h e  enhancemkts which has any 
s t a t i s t i c a l  b a s i s  i s  t h e  appearance of g rea t e r  s c a t t e r i n g  above 80km 
during the  summer months. 
It a l so  i m p l i e s  t h a t  o p t i c a l  radar  systems i n  
The backscat ter ing,  however, 
12 
B. Future Improvements 
Present  plans c a l l  f o r  the  cont inuat ion of atmospheric research  with t h i s  
system f o r  a t  least the  next 18 months. 
may be s tudied  t o  sample seasonal  va r i a t ions  of t he  upper atmospheric enhance- 
It i s  hoped that se l ec t ed  per iods 
ments. While the  study could probably be done with the  e x i s t i n g  system, it 
w i l l  b e  many times e a s i e r  i f  a f a c t o r  of -two o r  perhaps th ree  could be gained 
On t h e  b a s i s  -of the  summer da ta  and more recent  i n  t h e  o v e r a l l  performance. 
. 
tests which have been performed on the equipment,i t  appears t h a t  a t  l e a s t  
t h i s  amount of improvement can be  had and perhaps much more. 
The g r e a t e s t  s i n g l e  improvement can probably be made i n  t h e  noise  l eve l .  
Recent tests show t h a t  wi th  proper ca re  o r  the  photomul t ip l ie r  we  should be 
a b l e  t o  lower t h e  dark cur ren t  t o  no higher  than 10-15 counts p e r  second. 
This i n  i t s e l f  is  a f a c t o r  of 4 b e t t e r  than the  previous value. 
no ise  cont r ibu t ions ,  i .e.  t he  f luorescence leakage and the  s a t u r a t i o n  e f f e c t s ,  
w e  f e e l  can be e l imina ted  nes r ly  completely wi th  t h e  i n s t a i l a t i o n  of b e t t e r  
l i g h t  b a f f l e s .  The n e t  r e s u l t  i s  t h a t  an order  of  magnitude inprovement i n  
the  noise  appears poss ib le .  
The o the r  
The improvement of t he  t o t a l  o p t i c a l  e f f i c i ency  of the  system i s  by f a r  
t h e  most important improvement but  one i n  which the  so lu t ion  i s  not  as 
s t ra ight - forward  as wi th  the  noise.  With the  lowering of the  photomul t ip l ie r  
dark current ,  somegain i n  the  counting e f f i c i ency  of t h e  tube can be had by 
r a i s i n g  the  high vol tage l e v e l .  We have el iminated the  p o s s i b i l i t y  of f r o s t i n g  
i n  the  phototube chamber by redesigning the  o p t i c s  a t  t h i s  po in t .  We a l s o  can 
t ake  adva,ntage of c l e a r e r  atmospheric condi t ions by opera t ing  during the  cool  
months of the  year.  
p re sen t  components we would be s a t i s f i e d .  Fur ther  improvement beyond t h i s  
po in t  would requi re  e i t h e r  a new photomul t ip l ie r  s e l e c t e d  f o r  eicceptioaa.7. 
quantum e f f i c i e n c y  a t  6943g, o r  a h ighly  r e f l e c t i v e  replacement f o r  t h e  
r o t a t i n g  mirror .  
components can be found. The end r e s u l t  i s  t h a t  we hope t o  r e a l i s e  an improve- 
ment of  f r c j m  4 t o  6 i n  the  o v e r a l l  quantum e f f i c i e n c y  (aQT) over t h a t  used 
during the  Ju ly  - August run. 
I n  a l l ,  i f  we r e a l i s e  an  average a Q T >  3 x lom3 with t h e  
The ga in  i n  each case might be a s  high as 30% i f  the  proper  
T’he cons t ruc t ion  of a b e t t e r  cool ing system f o r  t he  Korad K2QD laser is 
being completed. With t h e  temperature of t he  ruby under c lose  c o n t r o l  it 
should be poss ib l e  t o  a t  l e a s t  double the  output  of t he  system i n  Joules  
p e r  minute. 
t h e  p o s s i b i l i t i e s  of increas ing  the  length  and energy of each pulse .  
Fur ther  work on t h e  laser a l s o  promises even g r e a t e r  gains  wi th  
One o the r  major change which could be made is t h e  i* ld i t io i  of kigher  
speed motors t o  dr ive  the  r o t a t i n g  mirror  and shu t t e r .  This would al low 
no t  only a lower cut-on a l t i t u d e  but  could b e t t e r  p r o t e c t  t he  photomul t ip l ie r  
from the  f luorescence burs t .  It would a l s o  allow the  measurement of T on 2 
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Fig. 3 NUMBER OF SHOTS NEEDED TO MEASURE MOLECULAR 
SCATTERING TO AN ACCURACY OF 50% WITH THE 
JULY -AUGUST RADAR AND THE PROPOSED SYSTEM. 
each n ight  by t h e  method ou t l ined  i n  the  Appendix. 
by t h i s  change should be  about lOkm br inging  the  30-35km l a y e r s  i n t o  view. 
Any f u r t h e r  lowering would not be pract ica .1  because it would l ead  to t h e  
The gain i n  cut-on time 
danger of s a t u r a t i n g  the  photocathode and increas ing  the  dark cu r ren t  i n  
the  tube ( see  s e c t i o n  V-B). The change would not,however, increase  t h e  
information obtained above 55km which i s  our  main concern. The r e a l  
improvement then, r e s t  on the  a b i l i t y  t o  reach a l t i t u d e s  which would 
allow us to measure the  atmospheric t ransmission.  For our purposes, hmr- 
ever ,  t h i s  may not be a s i g n i f i c a n t  enough improvement over t he  s t e l l a r  
measurements a s  ou t l ined  i n  sec t ion  V-A to j u s t i f y  t h e  added bother.  We 
thus  a r e  s t i l l  only consider ing t h i s  as a p o s s i b i l i t y .  
If the  improvements mentioned above a r e  successfu l ,  then wi th  the  
p re sen t  components t he  UM o p t i c a l  r a d a r  system would have a o p t i c a l  e f f i c -  
iency (UQ) of  about 11 x 
30 counts p e r  second o r  5 x 10 counts p e r  i n t e r v a l  p e r  shot.  The energy 
output  i s  expected t o  be a t  l e a s t  two 4 Joule  shots  p e r  minute. 
opera te  f o r  a t y p i c a l  month, as ind ica t ed  by the  Ju ly  - August run, we would 
have a t  l e a s t  2000 shots  of data .  This  would represent  a f a c t o r  of  15 i n  
n e t  s i g n a l  over the  summer's da t a  and about a f a c t o r  of ,5 irciproveinent Ir; t he  
noise .  
molecular atmosphere wi th  an accuracy of  a b o u t t  65%. 
the  Ju ly  - August da t a  is  only ava i l ab le  t o  about 7Okm. 
The noise  l e v e l  should be i n  the  order  of 
-4 
I f  we then  
Such d a t a  would a.llow the  p l o t t i n g  of  t he  95km backsca t t e r  from the  
Comparable accuracy i n  - 
Figure 3 shows the number of sho t s  necessary t o  give a 5O$ accura te  d e t e r -  
minatlon of t h e  molecular atmosphere wi th  the  July-August a n a  t he  proposed radars .  
Such accuracy is s u f f i c i e n t  t o  show any devia t ions  Prom the  USSAS whick areof the  
magnitude shown ' in f i g u r e  2. Pas t  experience has shown t h a t  on a good n ight  
we might expect t o  g e t  about 330-400 shots  with the  proposed improvements. 
S u c h ,  devia t ions  from t h e  molecular atmosphere i n  the  75km region  could be 
s tud ied  on a n i g h t l y  bas i s .  With good weather condi t ions,  a month long run 
wi th  the  proposed improvements should produce information on t h e  time v a r i -  
a b i l i t y  of t he  cpper atmospheric enhancements. 
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APPENDIX 
The purpose of t h i s  s ec t ion  is  t o  show how it is  poss ib l e  f o r  an  o p t i c a l  
radar  i n s t a l l a t i o n  t o  f i n d  t h e  atmospheric t ransmission without t he  use of 
s t e l l a r  sources. a )  t h a t  t h e  instrument be 
capable of observing both a t  t h e  zeni th  and a t  a f a i r l y  l a r g e  angle away 
from t h e  v e r t i c a l  and b )  t h a t  t he  instrument be f u l l y  s e n s i t i v e  a t  a l t i t u d e s  
a t  l e a s t  a s  low a s  35km. The one assumption used i s  t h a t  t he  atmosphere i s  
uniform i n  the  ho r i zon ta l  d i r e c t i o n  over any area  which can be .reached from 
one observing site. 
The only p r e r e q u i s i t e s  a r e :  
The method used i s  t o  observe an atmospheric l a y e r  of f i xed  a l t i t u d e  
x a t ' two  d i f f e r e n t  zen i th  dis tances .  
is apparent t h a t  f o r  a near ly  coll imnated l i g h t  source,  we should expect equal 
. t o t a l  s c a t t e r i n g  func t ions  from the  two volumes of a i r .  The d i f f e rence  i n  t h e  
l i g h t  re turned t o  the  te lescope  from the  two volumes w i l l  then  be d i r e c t l y  
re la ted.  t o  the  atmospheric t ransmission.  
From t h e  geometry shown i n  f i g u r e  4, it, 
The atmospheric t ransmission a t  t h e  zeni th  i s  given by the formilla 
X 
T ( 0 )  = e x p  [- J kpdxl (4) 
0 
where k = t h e  average absoip t ion  p e r  u n i t  mass, 
P = t he  dens i ty ,  
x = t he  pa th  l eng th  through the  atmosphere. 
W e  w i l l  assume t h a t  T(0) i s  near ly  constant  f o r  any x >  1Okm. 
The atKosphcric t r a n s z i s s l o n  a t  zeni th  angle  0 is  then given wi th  good accuracy 
A s  long as we can neglect  t he  e a r t h ' s  curvature  (6 < 80") . 
apparent t h a t  
Thus, it i s  
T2(0)SeC e 
Using equat ion 6 and equation 1, t h e  o p t i c a l  radar  equat ion f o r  observat ions 
a t  angle e a n d  height  x becomes 
2hx' secL 6 
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Dividing equation 7 by equation 1, we ge t :  
o r  
T2(0) = 
where N ( 0 )  and N ( 8 )  are t h e  counts 
have a d i r e c t  formula f o r  T (0) i f  
zen i th  angles .  
2 
1 
see 8-1 [~ sec2 3 
per j o u l e  i n  each instance.  Thus, you 
you can ob ta in  da t a  a t  two d i f f e r e n t  
The second requirement mentioned a t  t h e  onse t ;  t h a t  t h e  o p t i c a l  radar  
be capable of observing below an a l t i t u d e  of 35 la, is  an a r b i t r a r y  value 
determined by t h e  p rec i s ion  of t h e  measurements. It is  a l s o  t h e  reason why 
t h i s  procedure has not been used t o  d a t e  on t h e  UM o p t i c a l  radar .  
every shot  taken a t  z e n i t h  angle  8 i s  not as e f f i c i e n t  i n  c o l l e c t i n g  infor-  
mation as those d i r ec t ed  toward t h e  zen i th ,  i t  i s  necessary t h a t  a reason- 
a b l e  p rec i s ion  be a t t a i n e d  i n  T2(0) with as few s h o t s  as possible .  
you are i n t e r e s t e d  i n  looking a t  an a l t i t u d e  where t h e r e  w i l l  be a high 
number of counts recorded on each shot .  
d e r i v e  a formula €o r  t h e  p rec i s ion  of T2(0). 
Since 
Thus, 
This w i l l  become apparent i f  w e  
Using t h e  usual  method f o r  combining uncorrelated e r r o r s ,  t h e  e r r o r  i n  
T2(0) (designated by t h e  symbol 6) w i l l  be  r e l a t e d  t o  t h e  e r r o r s  i n  N(0) and 
N ( 0 )  by t h e  formula 
where 
1 
9 =  see 8-1 
2 Dividing by T (O), w e  g e t  an  expression f o r  t h e  f r a c t i o n a l  e r r o r  ( f ) .  
11 2 
f =  6T2(0) 2 (0) = qp&iY f (IWj (11) 
I f  w e  shoot j j o u l e s  a t  t h e  z e n i t h  and j j o u l e s  a t  zen i th  angle  8 ,  w e  w i l l  1 2 
g e t  j N ( 0 )  and j N ( 0 )  pho toe lec t r i c  counts r e spec t ive ly .  The f r a c t i o n a l  1 2 
e r r o r ,  assuming Poisson statist ics,  then becomes 
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(12) t' * 1 f =  sec 8-1 j,N(Oj 
We w i l l  estimate t h e  magnitude of t h e  f r a c t i o n a l  e r r o r  by s u b s t i t u t i n g  
f o r  N(8) as a func t ion  of N(0) and T2(0), 
ob ta in  
Using equations 8 and 1 2  w e  
Since f i s  a funct ion of t h e  angle used t o  ob ta in  t h e  off-zeni th  sho t s ,  
t h e r e  i s  an  optimum value  of 8 which w i l l  minimize t h e  e r r o r  f o r  any given 
transmission and predetermined number of shots .  Numerical i nves t iga t ion  of 
equation 13  has shown t h a t  bes t  r e s u l t s  can be expected i f  t h e  off-zenith 
sho t s  are  taken a t  an  angle  of about 60". On n igh t s  of low transmission, 
however, (T -60) a lesser ang le  of about 50" is  t o  be p re fe r r ed ,  Table 2 
i s  presented t o  i l l u s t r a t e  t h e  expected percentage e r r o r  i n  T (0) when cal-  
culated by t h i s  method. It w a s  ca l cu la t ed  from equation 13 by using both 
t h e  U.S. Standard Atmosphere Supplements' and t h e  system parameters shown 
below t o  p red ic t  r e t u r n  a t  any a l t i t u d e .  It w a s  assumed t h a t  a l l  t h e  o f f -  
zen i th  s h o t s  w e r e  taken a t  an angle  of 60". 
2 
We designate  n(0) as t h e  number 
System I System I1 
3 2  Area = 2 x 10  c m  3 2  Area = 2 x 1 0  cm 
- 
E = 2 j o u l e s  
U Q  = 
T A .8 
E = 5 j o u l e s  
UQ = 2 x 
T 2 .8 
of sho t s  taken a t  t h e  zen i th  and n(60) as the  number of off-zeni th  shots .  
The percentage e r r o r  i s  shown as a funct ion of n(0) and n(60) when one 
uses  2,5 km l a y e r s  a t  s eve ra l  r ep resen ta t ive  a l t i t u d e s .  
A s  can be seen by inspect ion of t a b l e  2 ,  f a i r l y  good p rec i s ion  can be 
obtained i n  a t y p i c a l  n i g h t ' s  operation. 
where t h e  r e t u r n s  are as high as the  pu l se  counting equipment can process,  
one whould be a b l e  t o  compete favorably with t h e  determination of T (0) 
from stellar sources. I f ,  f o r  i n s t ance ,  one w a s  using t h e  equivalent of 
system 11, 20 s h o t s  out of every 120 d i r ec t ed  a t  a zenigh angle  of 60" 
2 would allow determining T ( 0 )  t o  a p rec i s ion  of a few percent.  You a l s o  
I f  one can observe a l t i t u d e s  
2 
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TABLE 11 
2 The Percentage Error  of T (0) as a Function 
of n(0) and n(60) 
50 
t. 
Layer a t  20 km - System I 
2,6 2,2 1 . 9  1 . 7  
50 
100 
200 
400 
100 2.3 1.8 1.5 1.3 
200 2.2 1 . 7  1,3 1.1 
400 2.1 1 , 6  1.2 .9 
25 20 1 8  1% 
22 1 7  15 13 
2 1  16 12 10 
20 1 4  11 8 
Layer a t  30 km - System I1 
'The r e t u r n  a t  t h i s  a l t i t u d e  i s  so high it  may not be poss ib l e  t o  use  
d i g i t a l  pu l se  counting techniques. 
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have t h e  p o s s i b i l i t y  of gaining even hLgher accuracy by using the average 
of several 2.5 km l a y e r s .  This assumes, however, t h a t :  a )  t h e  r e l a t i v e  
output power i s  known t o  a very high accuracy; and b) t h e  atmospheric 
transmission is  uniform both temporally and s p a c i a l l y .  E i the r  cr i ter ia  
might l i m i t  t h e  percentage e r r o r  much more than t h e  f a c t o r s  considered i n  
t a b l e  2 .  
The UM system i s  capable a t  present  of observing e f f i c i e n t l y  only 
above 50 km. A simple ex t r apo la t ion  of t h e  da t a  i n  Table 2 shows t h a t  no 
accuracy can be obtained a t  such an  a l t i t u d e  
A s  a f u r t h e r  confirmation of t h i s  statement;  
35 s h o t s  a t  8 = 39" and 100 sho t s  a t  8 = 0",  
T2(0) = 2.5 f 2.3. 
with our system e f f i c i ency .  
when T (0) was calculated from 
w e  obtained t h e  answer: 
2 
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